
1X 

d 

L 
4 
6 
6 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
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To AN ANGLE OF ATTACK OF 33'" 

By Howard S. Carter, Ronald Kolenkiewicz, 
and Roland D. English 
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SUMMARYClassif icat 'on Change Notices No.-L,!.?--- 

Dated **--!??+ki!- 

Several model configurations similar to the shape of a proposed 
space capsule were tested for reentry stability in five wind-tunnel 
facilities at the Langley Research Center. 
the pertinent data from these tests. 

This report is a summary of 

The configurations had marginal static stability at low angles of 
attack for subsonic Mach numbers and somewhat higher static stability 
at all other angles of attack and Mach numbers of this investigation. 
Rounding the corners of the front face slightly at the edges had very 
little effect on the static stability but did reduce the streamwise 
forces slightly at some Mach numbers. At Mach numbers of 2.06 and 4.50, 
there was little or no effect of Reynolds number on the static stability. 
Dynamic tests using the forced-oscillation technique showed that the 
configuration was damped for all angles of attack and Mach numbers of 
this investigation. 
indicated steady-state oscillations with a magnitude of about +43O.  

However, free-flight tests at a Mach number of 0.06 

INTRODUCTION 

A program is under way at the Langley Research Center to develop 
a capsule configuration suitable for carrying man into space and return. 
A s  part of this program, proposed space capsule models were tested for 
static stability in the Langley 11-inch hypersonic tunnel, in the Langley 
Unitary Plan wind tunnel, and in the Langley 8-foot transonic pressure 
tunzel. A x c d e l  :;TZC 2 1 s ~  t e s t e d  for dynamic stability in the Langley 
20-foot free-spinning tunnel and one was tested in the Langley transonic 

* 
Title, Unclassified. 
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axial-force coefficient based on frontal area 

drag coefficient based on frontal area 

lift coefficient based on frontal area 

lift-curve slope per degree 

pitching-moment coefficient based on frontal area and diameter 

pitching-moment curve slope per degree 

yawing-moment coefficient based on frontal area and diameter 

CA 

CD 

CL 

cLa 
Cm 

c% 

Cn 

per radian - Cnr - - 
a(%) 

Cn. = - acn per radian 

$E) 

total damping in y a w  per radian Cnr Cn s 
CN normal-force coefficient based on frontal area 

D frontal diameter, ft 

M Mach number 

. 

blowdown tunnel for damping in yaw. 
positioned with their large blunt ends upstream since this is the atti- 
tude the capsule would be in during reentry. 

In all these tests, the models were 
0 

This report is a summary of the pertinent data from these five tun- 
nels pertaining to these capsule configurations as reentry vehicles. 
There are considerably more data available on the configurations dis- 
cussed herein and on other closely allied configurations in references 1 
to &. In addition, several of the important body-shape parameters con- 
cerning the stability of blunt bodies during reentry are discussed in 
references 5 and 6. 

SYMBOLS 



NRe free-stream Reynolds number based on f r o n t a l  diameter 

Y 

I L  

3 

r yawing ve loc i ty ,  radians/sec 

t t i m e ,  sec 

v ve loc i ty ,  f t / s e c  

a angle of a t tack ,  deg 

P angle of s ides l ip ,  deg o r  radians 

= 9, rad ians lsec  
d t  

CO angular frequency of o sc i l l a t ion ,  radians /sec 

COD - 
2v 

reduced frequency parameter, radians 

FACILITIES AND MODELS 

I n  figure 1 are presented sketches of t h e  models showing pe r t inen t  
dimensions and the  f a c i l i t y  or f a c i l i t i e s  i n  which each was t e s t e d .  The 
models, even though of various diameters and var ious rear-end configura- 
t i o n s ,  were c lose ly  similar i n  many respec ts .  
s imi l a r i t y ,  t he  center-of-gravity locat ions and nose r a d i i  are shown i n  
terms of the  maximum diameter. The center-of-gravity loca t ions  var ied 
from 0.29 body diameter t o  0.31 diameter from the  nose. 
f o r  a l l  models was 1.5 diameters. 

I n  order t o  show t h i s  

The nose rad ius  

The model used i n  the  11-inch tunnel was s t i n g  supported. This was 
t h e  o r i g i n a l  shape of t h e  capsule configuration study reported here in .  
A desc r ip t ion  of t he  tunnel  i s  presented i n  reference 7. 

The model used i n  t h e  sp in  tunnel was a somewhat l a te r  vers ion of 
t h i s  capsule configuration. 
t he  support being provided by the  upgoing a i r .  

The model was completely free i n  t h e  tunnel ,  

"he model as t e s t e d  i n  t h e  26-inch t ransonic  blowdown tunnel  was 
c l o s e l y  similar t o  t he  spin-tunnel model except provis ion was made f o r  
I a c f i n u  I-___ 0-  

and s t a t i c  s t a b i l i t y  der iva t ives  of models. For these tes ts ,  only the 
damping i n  y a w  was determined. 

Thi 9 facility has the  capab i l i t y  f o r  determining both dynamic 

The mechanism used f o r  these  tes ts  
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consis ted of a sting-mounted model which was forced t o  perform a s ingle-  
degree-of-freedom o s c i l l a t i o n  about i t s  v e r t i c a l  a x i s .  A descr ip t ion  
of t h e  dynamic-stabil i ty mechanism and the  p r inc ip l e s  involved a r e  d i s -  
cussed i n  reference 8. 

.I 

The two models t e s t e d  i n  both t h e  Langley 8-foot and the  Langley 
Unitary Plan wind tunnels  were a l s o  s t i n g  mounted. 
i d e n t i c a l  except f o r  corner radius;  one model had a sharp-edged corner 
and one had a 3/16-inch-radius corner .  (See f i g .  1.) The Langley 
Unitary Plan wind tunnel  i s  described i n  reference 9 .  

The two models were 

'I3 STS 

A l i s t  of t he  t e s t s  t h a t  were made i n  t h e  var ious f a c i l i t i e s  i s  
given i n  t ab le  I. I n  many of t he  t e s t s ,  t he  Reynolds numbers approxi- 
mated those of an  a c t u a l  t r a j e c t o r y  f o r  a f u l l - s c a l e  capsule as it 
reentered the  e a r t h ' s  atmosphere from a t y p i c a l  o r b i t .  Figure 2 shows 
t h e  Mach numbers and Reynolds numbers f o r  a t y p i c a l  r een t ry  t r a j e c t o r y  
of t h i s  capsule configuration. The tes t s  i n  the  Langley 8-foot tunnel  
were too low i n  Reynolds number a t  low subsonic speeds but  d id  approxi- 
mate the fu l l - s ca l e  Reynolds numbers f o r  t he  t ransonic  speeds. Also, 
t h e  t e s t s  i n  the  Langley spin tunnel  and i n  the  Langley 11-inch hypersonic 
tunnel  were made a t  Reynolds numbers l e s s  than those of t h e  a c t u a l  
t r a j e c t o r y .  

c 

, 

I n  order t o  determine the  e f f e c t  of Reynolds number on s t a t i c  
s t a b i l i t y ,  th ree  t e s t s  were made i n  t h e  Langley Unitary Plan wind tunnel  
a t  a Mach number of 2.06 and th ree  tes ts  a t  a Mach number of 4.50 f o r  
d i f f e r e n t  Reynolds numbers. Two t es t s  w e r e  made i n  the  Langley t ran-  
sonic blowdown tunnel  a t  a Mach number of about 0.61 t o  determine t h e  
e f f e c t  of Reynolds number on t h e  damping i n  y a w .  

The t e s t s  i n  t h e  8-foot tunnel  ( ref .  4) w e r e  made over an  angle- 
of-at tack range of -3' t o  20°. The tests i n  the  Unitary Plan wind 
tunnel  ( r e f .  3) covered an angle-of-attack range from about -bo t o  184'. 
However, t h i s  repor t  i s  a summary of da ta  f o r  t h e  l a t t e r  p a r t  of t he  
reent ry  t r a j e c t o r y  where model o s c i l l a t i o n s  are l imi ted ,  and only the  
da ta  f rom -4O t o  33' are presented. 
tunnel  ( r e f .  2) were made f o r  an angle-of-attack range from 0' t o  90°, 
but  only the  da ta  from Oo t o  30' are shown herein.  

Likewise, t he  tes ts  i n  t h e  11-inch 

The model t h a t  was t e s t e d  i n  the  Langley 8-foot tunnel  and i n  the  
Langley Unitary Plan wind tunnel  was f i r s t  t e s t e d  with sharp corners 
f o r  a l l  Mach numbers shown. Then with the  model corners rounded t o  



L 

I 
1 

I 

J 

c 

c 

5 

3/16-inch radius ,  t he  t e s t s  were repeated a t  a l l  Mach numbers i n  t he  
Langley 8-foot tunnel  and a t  two Mach numbers i n  the  Langley Unitary 
Plan wind tunnel .  

RESULTS AND DISCUSSION 

S t a t i c  Tests 

Figures 3 t o  7 present  t he  normal-force, axial-force,  l i f t ,  drag, 
and pitching-moment coef f ic ien ts  as functions of angle of a t t ack  and 
Mach number. A s  discussed previously,  t he  model t h a t  w a s  t e s t e d  i n  the  
Langley 8-foot tunnel  and the  Langley Unitary Plan wind tunnel  w a s  t e s t ed  
with both sharp corners and 3/16-inch-radius corners.  For s impl ic i ty ,  
only the  data f o r  the  sharp-cornered models are f a i r e d  i n  the  f igu res .  
P r a c t i c a l l y  no change was caused i n  the param2ters CN, CL, and Cm 
due t o  t h i s  rounding of the  corners.  
streamwise fo rces  CA and CD did  occur a t  some Mach numbers. 

However, a small reduction i n  the  

Figure 3 shows a negative slope f o r  t he  va r i a t ions  of normal-force 
coe f f i c i en t  with angle of a t t a c k  n e a r  an angle of a t t a c k  of Oo, f o r  
Mach numbers 1.14 and below. 
t i o n  had marginal s t a t i c  s t a b i l i t y  as shown by the  pitching-moment curves 
i n  figure 7. Apparently, when the normal-force coe f f i c i en t  was negative,  
t he  center  of pressure was forward of the  center-of-gravity pos i t ion .  

However, f o r  these  conditions t h e  configura- 

The axial-force coe f f i c i en t  is presented i n  f igu re  4 as a funct ion 
of angle of a t t ack .  
a t  each t e s t  Mach number f o r  angles of a t t a c k  up t o  loo. 

This axial-force coe f f i c i en t  w a s  e s s e n t i a l l y  constant 

The curves of l i f t  coe f f i c i en t  against  angle of a t t a c k  ( f i g .  7)  had 
negative slopes up t o  an angle of a t t ack  of 30°. This e f f e c t  w a s  caused 
by the  f a c t  t h a t  the  a x i a l  force  on t h i s  configuration was much l a r g e r  
than the  normal force  and a l s o  by t h e  f a c t  t h a t  a t  some angles of a t t a c k  
and Mach numbers, the  normal-force coef f ic ien t  i t s e l f  contr ibuted t o  t h i s  
negative slope.  A t  angles of a t t ack ,  therefore ,  t h i s  axial  force  had a 
l a r g e r  component i n  the  l i f t  plane than d id  the  normal force .  This nega- 
t i v e  s lope was as expected f o r  high drag bodies.  

The va r i a t ion  of pitching-moment coe f f i c i en t  with angle of a t t a c k  
i s  shown i n  f igu re  7 f o r  a l l  Mach numbers of the  tests.  These da ta  ind i -  
ratp that t h e  c o n f i s i r a t i n n  had marginal s t a t i c  s t a b i l i t y  a t  low angles 
of a t t a c k  f o r  subsonic Mach numbers and somewhat higher s t a t i c  s t a b i l i t y  
a t  a l l  o ther  angles of a t t a c k  and Mach numbers a t  which t e s t e d .  
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I n  order t o  show the  e f f e c t  of Reynolds number on s t a t i c  s t a b i l i t y ,  

Figure 8 shows the  va r i a t ion  of pitching-moment 
two addi t iona l  t e s t s  were made a t  M = 2.06 and two a t  M = 4.50 a t  I. 

other  Reynolds nunibers. 
coef f ic ien t  with angle of a t t a c k  f o r  these  Reynolds number t es t s .  
or  no e f f e c t  of Reynolds number on 

f igu re  8 ( c ) .  A s  i n  the  previous f igu res ,  only the  sharp-edged da ta  are 
faired. The e f f e c t  of rounding the  corners a t  M = 2.06 appears t o  be 
negl igible  f o r  t he  Reynolds numbers shown i n  f igu re  8 (a ) .  

L i t t l e  

Cma was obtained as i s  shown i n  

The va r i a t ion  a t  an angle of a t t a c k  of Oo of cma' CL,, and CD 

with Mach number i s  presented i n  f igu re  9. The data  from the  th ree  tun- 
ne l s  f a i r ed  together  w e l l .  
e t e r s  had a very decided change i n  t h e i r  curves. The Cma curve ind i -  
cated t h a t  t he  configuration had marginal s t a t i c  s t a b i l i t y  a t  a l l  subsonic 
Mach numbers and somewhat higher s t a t i c  s t a b i l i t y  a t  supersonic speeds. 
These curves i n  f i gu re  9 a r e  not ind ica t ive  of t he  da ta  a t  o ther  angles 
of a t t ack  because of t he  non l inea r i t i e s .  

A t  o r  near a Mach number of 1.0, these  param- 

Dynamic Tests  1 

A model was t e s t e d  f o r  dynamic s t a b i l i t y  i n  the  Langley t ransonic  
blowdown tunnel by using the  forced-osc i l la t ion  technique. 
( f i g .  1) was o s c i l l a t e d  i n  yaw approximately f2.5' a t  reduced frequencies  

The model . 

wD - of 0.02 t o  0.03. 
2v 

The damping-in-yaw da ta  are presented i n  figure 10 i n  coe f f i c i en t  
form C 

show t h a t  t he  configuration was damped f o r  a l l  angles of a t t a c k  and Mach 
numbers a t  which t e s t ed .  A t  an angle of a t t a c k  of 0' a t e s t  was made a t  
a d i f f e ren t  Reynolds number which showed a change i n  damping which was 
wi th in  t h e  s c a t t e r  of t he  data .  
t h i s  damping data f o r  y a w  a t  an angle of a t t a c k  of Oo w i l l  a l s o  be t h e  
same as the  damping i n  p i t ch .  

- Cnp f o r  angles of a t t a c k  of Oo, 5', and 10'. The da ta  nr 

Since t h e  model was a x i a l l y  symmetric, 

This program f o r  dynamic tests i n  the  Langley t ransonic  blowdown 
tunnel  a l s o  included severa l  o ther  s o s s i b l e  r een t ry  shapes along with 
t h e  one considered herein.  
t h a t  t h e  damping c h a r a c t e r i s t i c s  of these  b lun t  shapes were s t rongly 
influenced by the  de t a i l ed  flow conditions over t he  exposed surfaces .  
Since small changes i n  t e s t  conditions o r  i n  geometry of t he  model can 
change t h e  damping considerably, model t e s t s  should be made as near ly  
s i m i l a r  as poss ib le  t o  the a c t u a l  prototype. 

These unpublished t ransonic  da ta  indicated 
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I n  order  t o  determine the  dynamic s t a b i l i t y  of t h i s  configuration, 
d 

it was t e s t e d  i n  f r e e  f l i g h t  i n  the  spin tunnel  a t  M = 0.06. The Reynolds 
numbers of these t e s t s  were very low i n  comparison t o  those f o r  a n  a c t u a l  
r een t ry  capsule.  Also the  i n e r t i a  of the model was not t o  sca le .  The 
only da t a  obtained were model behavior from motion p i c tu re s .  Hence, only 
q u a l i t a t i v e  conclusions were obtained. 

For these  tests,  t he  model was released i n  the  spin tunnel  i n  a 
random a t t i t u d e .  Regardless of i t s  i n i t i a l  a t t i t u d e ,  t he  model set t led 
down t o  an amplitude of o s c i l l a t i o n s  of about k45' and maintained these 
s i zab le  o s c i l l a t i o n s  f o r  t he  durat ion of each t e s t .  

SUMMARY OF RESULTS 

Models of a proposed capsule su i tab le  f o r  carrying man i n t o  space 
and r e t u r n  were t e s t e d  f o r  reent ry  s t a b i l i t y  i n  f i v e  tunnels  a t  t h e  
Langley Research Center. "he following r e s u l t s  were obtained: 

\ 1. The configurations had marginal static s t a b i l i t y  a t  low angles 
c 

of a t t a c k  f o r  subsonic Mach numbers and somewhat higher s t a t i c  s t a b i l i t y  
a t  a l l  o the r  angles of a t t a c k  and Mach numbers of t h i s  inves t iga t ion .  

* 
2. The s t a t i c  s t a b i l i t y  was affected negl igibly by changing the  

corners a t  the  edges of t he  f r o n t  face  from a sharp edge t o  a 3/16-inch 
radius .  
c i e n t s  d i d  occur, however, a t  some Mach numbers. 

A small reduction i n  the  streamwise axial-force and drag coef f i -  

3 .  A t  Mach numbers of 2.06 and 4.50, there  was l i t t l e  or  no e f f e c t  
of Reynolds number on t h e  s t a t i c  s t a b i l i t y  of t h i s  configurat ion.  

4. The damping-in-yaw tes ts  with the forced-osc i l la t ion  technique 
showed t h a t  the  configuration was damped f o r  a l l  angles of a t t a c k  and 
Mach numbers of t h i s  invest igat ion.  

5 .  The axial fo rce  on the  blunt model was e s s e n t i a l l y  constant a t  
each t e s t  Mach number f o r  angles of a t t ack  up t o  about 100. 

6. Free- f l igh t  tes ts  i n  the  Langley 20-foot free-spinning tunnel  
a t  a Mach number of 0.06 indicated steady-state o s c i l l a t i o n s  with a 
magnitude of about + 4 3 O .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley F ie ld ,  Va. ,  March 31, 1959. 
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MODZLS F A C I L I T I E S  

1 wi th  sha rp  c o r n e r  
1 model w i th  3/16 radius COrner D Z 10.50 

h n g l e g  6 - foo t  t r a n s o n i c  pressure tunnel  a Air fl;[b: S t i n g  5:90 and Uni ta ry  Plsn wind t u n n e l  

d . 2 9  D 

1 D 3 4.62 

D = 7 . 0 C 7  

Sharp co rne r  

r Sharp co rne r  

J 

l a n g l e y  t r s n s o n i c  bloadonn t u n n e l  

 sharp c o r n m  

D 
Laneley 2C-foot f r e e - s p i n n i n g  t u n n e l  

-- I 

Figure 1.- Sketches of the models showing pertinent dimensions and the 
facility or facilities in which each was tested. A l l  dimensions are 
in inches. 
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Figure 3.- Variation of normal-force coefficient with angle of attack for 
various Mach numbers. 
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Variation of lift coefficient with angle of attack for various 
Mach numbers. 
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Figure 6.- Variation of drag coe f f i c i en t  with angle of a t t a c k  f o r  various 
Mach numbers. 
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Figure 7.- Variation of pitching-moment coefficient with angle of attack 
for various Mach numbers. 
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(a) Variation of pitching-moment coefficient with angle of attack for 
three Reynolds numbers. M = 2.06. 
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(b) Variation of pitching-moment coefficient with angle of attack for 
three Reynolds numbers. M = 4.30. 
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(c) Variation of CmG at zero angle of attack with Reynolds number 
for M = 2.06 and 4.50. 

Figure 8.- Effect of Reynolds number on static stability at M = 2.06 
and 4.50. 
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Figure 9.- Variation at an angle of attack of Oo of C %,Y CL,Y and CG with Mach number. 
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Figure 10.- 
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of damping i n  yaw with Mach number and angle of 

t o  0.03. Transit ion f ixed .  Reynolds number was 

symbols and 6.5 x 10 6 f o r  so l id  symbols. 


